Abstract Epitaxial Ti 3 GeC 2 thin films were deposited on 4° off-cut 4H-SiC(0001) using magnetron sputtering from high purity Ti, C, and Ge targets. Scanning electron microscopy and helium ion microscopy show that the Ti 3 GeC 2 films grow by lateral step-flow with {11 0} faceting on the SiC surface. Using elastic recoil detection analysis, atomic force microscopy, and X-Ray diffraction the films were found to be substoichiometric in Ge with the presence of small Ge particles at the surface of the film.
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Introduction
The group of inherently nanolaminated ternary carbides and nitrides called MAX phases exhibits a unique combination of metallic and ceramic properties, and has attracted considerable interest since the 1990s when Barsoum et al. reported on the fabrication and characterization of Ti 3 SiC 2 [1] , and shortly thereafter Ti 3 GeC 2 [2] .
The MAX phases have the general chemical formula M n+1 AX n where n=1, 2, or 3,
and M is an early transition element, A is an A-group element, and X is C or N. For reviews on the topic, see references [3] [4] [5] .
Ti 3 SiC 2 is known to form after high temperature annealing of Ti-, and Ti/Albased contacts on SiC [6] [7] [8] [9] [10] . In recent publications, we have reported on the ohmic contact properties of sputter-deposited Ti 3 SiC 2 on 4H-SiC(0001), and investigated the step-flow growth mode of epitaxially grown Ti 3 SiC 2 layers on SiC [11, 12] .
Ti-A-C MAX phase material systems related through their A-group elements from group 14 include Ti-Si-C, Ti-Ge-C, Ti-Sn-C, and Ti-Pb-C. These material systems display differences in phase distribution. The Ti-Si-C system contains the phases Ti 3 SiC 2 and Ti 4 SiC 3 , where the former is the most studied member of the MAX phase family. In the Ti-Ge-C system, the 211, 312, and 413 phases Ti 2 GeC, Studies on the electronic transport properties of MAX phases using the model system Ti 2 GeC showed isotropic electronic transport behavior [14] . The Ti-Sn-C system contains the two phases Ti 2 SnC and Ti 3 SnC 2 while in the Ti-Pb-C system the only known phase is Ti 2 PbC. Resistivity values for magnetron sputtered Ti 2 SnC thin films have been reported to be three times higher than for Ti 2 GeC films, however, the crystalline quality was lower for the Ti 2 SnC films [15] . Resistivity values for Ti 2 PbC are not available in literature due to difficulty in fabricating samples pure enough for characterization [16] , and the material has not been synthesized in thin film form.
Studies of M 2 AlC (M = Ti, V, Cr) show that substitutions at the M-site leads to an increase in resistivity [17] . The same trend can be observed for M 2 GeC (M = Ti, V, Cr) where the highest resistivity is reported for Cr 2 GeC films [15, 18, 19] . In the M-Ge-C system, the influence of M-site solid solutions on material properties has been studied for (Ti,V) n+1 GeC n [20] and (
The good conductivity values reported for Ti-Ge-C thin films make the material system interesting to study as a candidate for ohmic contact layer on SiC.
Investigating Ti 3 GeC 2 provides an opportunity to study the influence of substituting Si (used in our previous studies of Ti 3 SiC 2 ) with Ge in a 312 Ti-A-C MAX phase.
Although Ti 3 SiC 2 and Ti 3 GeC 2 are isostructural phases with similar properties, they exhibit differences in thermal and mechanical properties [22] and were grown at the Institute Acreo [24] . Prior to deposition the substrates were ultrasonically cleaned in acetone and isopropanol for 5 minutes each. The substrates were then blown dry in N 2 gas and immediately loaded into the ultra-high vacuum sputtering system. The substrates were heated to the deposition temperature of 800 °C and left to stabilize at that temperature for 1 h prior to deposition. Immediately before deposition the substrates were plasma etched for 30 minutes through operating the Titarget at 25 mA in high purity Ar discharges, while applying a negative bias of -50 V to the substrate, in order to remove any remaining surface oxide on the SiC substrate [12] .
Ti 3 GeC 2 films were grown by DC magnetron sputtering, using high purity C, Ge, and Ti targets, using an experimental setup described elsewhere [25] . All depositions were performed at a constant pressure of ~0.5 Pa in high purity Ar discharges. The magnetrons were operated in current-regulation mode, with the target currents fixed at 310 mA for Ti, 370 mA for C, and 80 mA for the Ge target. The duration of the deposition was 1 h, resulting in approximately 200 nm thick films.
The as-deposited films were characterized by θ-2θ X-ray diffraction (XRD) measurements, performed in a Philips PW 1820 diffractometer with Cu Kα radiation, operated at 40 kV and 40 mA. Alignment of the instrument using the (0004) SiC substrate peak gives an offset of ~4° due to the 4° off-cut of the SiC substrate.
Surface morphology was investigated using secondary-electron images from a Leo 1550 Gemini scanning electron microscope (SEM), using a 5 kV accelerating voltage, and helium ion microscopy (HIM), using an ORION PLUS microscope from Carl Zeiss SMT. Plan-view images were obtained using 30 keV He + ions. The imaging was performed by detecting secondary electrons, using an Everhart-Thornley detector. Prior to observation the sample was plasma cleaned to remove hydrocarbons contamination on the sample surface. A Dimension 3100 atomic force microscopy (AFM), was also used to investigate surface morphology. Cross-sectional samples for transmission electron microscopy (TEM) using a Tecnai G2 TF20UT FEG, were prepared by gluing two pieces of thin film samples face to face and clamping them with a Ti grid. The sandwich-like specimen was polished to a thickness of about 50 μm using diamond grinding papers and thereafter ion milled to electron transparency using a Gatan PIPS instrument at 5 and 2 kV accelerating voltage.
Elemental depth profiles of the as-deposited films were performed using timeof-flight elastic recoil detection analysis (ToF-ERDA). Here, a 40 MeV 127 I 9+ beam was directed to the films at an incident angle of 67.5° with respect to the surface normal, and the recoils were detected at an angle of 45° [26, 27] . All spectra were analyzed using the CONTES code [28] , where the recoil energy of each element was converted to relative atomic concentration profiles. 3 Results and discussion Figure 1 shows a XRD pattern from a typical Ti-Ge-C film. Except for peaks from the SiC substrate, the Ti-Ge-C film displays only 000ℓ has a very small lattice mismatch, less than 0.2%, of the basal planes with 4H-SiC, where a=3.073 Å and c=10.053 Å (ICDD PDF 22-1317).
In Figure 2 (a), a low magnification TEM image shows both the SiC substrate and the epitaxial Ti 3 GeC 2 film grown on top. It can be seen that the Ti 3 GeC 2 film growth follows the 4° off-cut orientation of the SiC substrate surface, which is consistent with the XRD observations. Figure 2(b) shows a high-resolution image of the film, which consists predominantly of Ti 3 GeC 2 . Only trace amounts of TiC (111) inclusions in the Ti 3 GeC 2 films were observed. Figure 3 is a ToF-ERDA depth profile of a Ti 3 GeC 2 sample and shows the composition to be 51 at. % Ti, 13 at. % Ge, and 36 at. % C with a margin of error of less than 2 at. %. Oxygen is only observed at the surface of the Ti 3 GeC 2 films; no oxygen is found throughout the films or at the interface between the Ti 3 GeC 2 and the SiC (below the detection limit). This is to be expected since a plasma-etching step was performed prior to deposition, in order to remove surface oxide on the SiC substrate [11] .
The composition obtained from the ToF-ERDA depth profile deviates from a stoichiometric Ti 3 GeC 2 composition. Since our films are virtually phase pure (neglecting the trace amounts of TiC x ), we conclude that our films are substoichiometric in Ge with x=0.8±0.1 in Ti 3 Ge x C 2 .
The conclusion that our films are substoichiometric in Ge is further supported by the fact that the relative peak intensities of the 0002 and 0008 peaks differ strongly from the ideal peak-intensity ratio of the stoichiometric compound, for which the 0008/0002 peak-intensity ratio is ~3 compared to ~28 for the present films. N 1-x ) y compounds was investigated. In this study it was found that significant deviations from the ideal composition of MAX-phases are possible to achieve [31] . It is likely that the observed substochiometry of Ti 3 GeC 2 thin films could also be achieved in bulk Ti 3 GeC 2 .
However, this has not been studied. Figure 4 shows SEM images of a typical Ti 3 GeC 2 film. The films have a stepflow growth pattern with {11 0} step facets, where the off-cut SiC surface provides the growth steps. The topography of the Ti 3 GeC 2 films was also investigated using helium ion microscopy (HIM), which has a smaller probe size and a smaller interaction volume as compared to SEM, making it possible to achieve higher surface sensitivity and image resolution [32, 33] . AFM imaging in Figure 6 of the Ti 3 GeC 2 film was used to quantify the heights of the terraces. The step heights were found to be half a unit cell, one unit cell, or multiples thereof, like with AFM observations made on Ti 3 SiC 2 grown on SiC(0001) substrates [12] . For the case of Ti 3 GeC 2 , Figure 6 shows the presence of ~20 nm large particles on the surface of the film. This was also observed during HIM imaging, and can be attributed to the segregation of Ge to the surface of the films.
Surface segregation into Ge particles, several hundred nanometers in size, has been reported for Ti 2 GeC 2 [15] and Cr 2 GeC magnetron-sputtered thin films, and has been attributed to fast Ge-diffusion rates along the basal planes [19] . The out-diffusion of group-14 A elements in Ti-A-C MAX phases has been studied by Emmerlich et al., where no surface segregation was found for Ti 3 SiC 2 , while Ti 2 GeC and Ti 2 SnC had extensive surface segregations [15] . Since our films are substoichiometric in Ge, the supersaturation conditions required for formation of large islands are most likely not fulfilled. Therefore, small Ge particles (on the order of 20 nm), evenly distributed on the terraces, are formed rather than the larger Ge islands seen in Refs. [15] and [19] .
The growth mode of the Ti 3 GeC 2 films is similar to the step-flow growth that we have recently reported for the epitaxial growth of Ti 3 SiC 2 films on 4H-SiC(0001) [12] . An interesting difference is that for the Ti 3 SiC 2 films, Si-supersaturation growth conditions were necessary to maintain equilibrium-shape, hexagonal steps. The Ti 3 GeC 2 films, however, grow with hexagonal steps for depositions made with the same growth conditions, which for Ti 3 SiC 2 lead to {1 0 0} terrace edge truncation.
The observations of equilibrium shape steps and the formation of Ge particles indicate that Ti 3 GeC 2 is at equilibrium at a substoichiometric composition unlike Ti 3 SiC 2 , which requires supersaturation for nucleation and growth.
In order to study the possible application of the epitaxially grown Ti 3 GeC 2 films as ohmic contacts to 4H-SiC, current-voltage (I-V) measurements were performed on TLM contact pads. The definition of an ohmic contact is that its current-voltage (I-V) curve is linear and symmetric. Figure 7 shows I-V curves measured on two neighboring contact pads with a 5 μm separation. As can be seen from the I-V curves the Ti 3 GeC 2 displays an almost ohmic behavior. Applying a hightemperature rapid thermal anneal might help achieve low-resistivity ohmic contacts to SiC, as seen for epitaxial Ti 3 SiC 2 films after high temperature annealing at 950 ºC [11] .
Conclusions
We have grown epitaxial Ti 3 GeC 2 thin films with substoichiometry in Ge on 4° offcut 4H-SiC(0001) substrates using DC magnetron sputtering from three separate targets. The growth mode of the Ti 3 GeC 2 layers is lateral step-flow on (0001) terraces and with {11 0} step faceting. This differs from Ti 3 SiC 2 where Si-supersaturation conditions were necessary to achieve the hexagonal growth pattern. Finally, Ti 3 GeC 2 films display an almost ohmic behavior with only self-annealing from the growth at 800 ºC. 
Highlights
Epitaxial growth of Ti 3 GeC 2 (0001) on 4H-SiC(0001) using magnetron sputtering. Ti 3 GeC 2 films grow by lateral step-flow with {11 0} faceting on the SiC surface. Films are substoichiometric in Ge with small Ge particles present at the surface. 
